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ABSTRACT 
 
Carbonate reservoirs host the majority of the oil and gas reserves worldwide and therefore, they have high economic significance. 
However, recovery factors are usually very low, because of the various stratigraphic, sedimentological and diagenetic heteroge-
neities that they contain. One of these heterogeneities is the existence of karstic horizons within carbonate rocks such as lime-
stone and dolomite. Karsts are landforms formed due to dissolution from meteoric water and fluctuation of sea water level 
creating vugular porosity, and causing far more significant changes to permeability and connectivity of the reservoir. 
In order to investigate the impact of karst on recovery and water production, simplified karst features were initially 
modelled as continuous high permeability zones, with varied thicknesses (from a 10 cm layer to 7 meter thick zones), and then 
more realistically as channel-shaped objects and Gaussian distributed “facies”. Integrated flow simulation and an experimental 
design technique were implemented to investigate the impact of first order stratigraphic and sedimentological heterogeneities 
on hydrocarbon recovery. Three development strategies were employed; two of those were dominated by horizontal flow and 
one by vertical flow. 
Increasing karst thickness showed slightly higher hydrocarbon recovery, although, when the matrix properties are de-
creased, the impact on recovery factor is higher. The significance of the karstic horizons with regard to the acceleration of water 
breakthrough timing was demonstrated. We also identified a threshold of 0.5 - 5 m where the thickness of these high permeability 
zones was found more important for oil production, especially when vertical flow paths dominate. The experimental design 
results demonstrated comparable results with Fitch et al. (2014) for the main heterogeneities, showing that the modelled geology 
is the most important factor both for water and oil production. Overall, even though we did not realistically replicate karst 
conduits, the Gaussian distributed karstified zones and the channel-shaped objects did not indicate a significant variation in 
comparison with the more simplistic modelling approaches. This study contributed to enhancing the understanding of the impact 
of high permeability zones within a heterogeneous carbonate reservoir by concluding that high permeability horizons are more 
important for water breakthrough timing than hydrocarbon recovery across the different development options investigated. 
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Abstract 
Carbonate reservoirs host the majority of the oil and gas reserves worldwide and therefore, they have high economic significance. 
However, recovery factors are usually very low, because of the various stratigraphic, sedimentological and diagenetic heteroge-
neities that they contain. One of these heterogeneities is the existence of karstic horizons within carbonate rocks such as lime-
stone and dolomite. Karsts are landforms formed due to dissolution from meteoric water and fluctuation of sea water level 
creating vugular porosity, and causing far more significant changes to permeability and connectivity of the reservoir. 
In order to investigate the impact of karst on recovery and water production, simplified karst features were initially 
modelled as continuous high permeability zones, with varied thicknesses (from a 10 cm layer to 7 meter thick zones), and then 
more realistically as channel-shaped objects and Gaussian distributed “facies”. Integrated flow simulation and an experimental 
design technique were implemented to investigate the impact of first order stratigraphic and sedimentological heterogeneities 
on hydrocarbon recovery. Three development strategies were employed; two of those were dominated by horizontal flow and 
one by vertical flow. 
Increasing karst thickness showed slightly higher hydrocarbon recovery, although, when the matrix properties are de-
creased, the impact on recovery factor is higher. The significance of the karstic horizons with regard to the acceleration of water 
breakthrough timing was demonstrated. We also identified a threshold of 0.5 - 5 m where the thickness of these high permeability 
zones was found more important for oil production, especially when vertical flow paths dominate. The experimental design 
results demonstrated comparable results with Fitch et al. (2014) for the main heterogeneities, showing that the modelled geology 
is the most important factor both for water and oil production. Overall, even though we did not realistically replicate karst 
conduits, the Gaussian distributed karstified zones and the channel-shaped objects did not indicate a significant variation in 
comparison with the more simplistic modelling approaches. This study contributed to enhancing the understanding of the impact 
of high permeability zones within a heterogeneous carbonate reservoir by concluding that high permeability horizons are more 
important for water breakthrough timing than hydrocarbon recovery across the different development options investigated. 
 
Introduction 
Carbonate reservoirs host an estimated 3000 billion barrels of oil and 3000 trillion cubic feet of gas which corresponds to 60% 
of the oil and 40% of the gas reserves worldwide (Montaron, 2008). Most of these oil reserves (70%) are held in Middle Eastern 
reservoirs (Montaron, 2008).  Despite their economic significance, these reservoirs usually have very low recovery factors 
because of complexity in predicting their production behaviour linked with numerous stratigraphic, sedimentological and 
diagenetic heterogeneities over a range of lengthscales and each of these may have a substantial impact on flow during 
hydrocarbon production (Sahin et al., 2003; Pranter et al., 2006; Fitch et al., 2014). These reasons solidified the increasing need 
for determining the level of the interaction of rock heterogeneity and hydrocarbon recovery, especially with regard to the rock 
and fluid properties and the selection of appropriate development strategy. 
Numerous published studies which were focused on geological heterogeneities specific to carbonate reservoirs, such as 
Jung and Aigner (2012) who developed a classification of carbonate geobodies related to the platform type and the environment 
of deposition (EOD), have not explored the impact on flow during production. Thus, the need for an integrated approach to 
capture all types and scales of heterogeneities emerged. A hierarchical approach of the heterogeneities involved, based on length-
scale observed in published outcrop examples, was identified and applied by Fitch et al. (2014; in review). This work established 
the foundation of understanding of the architecture, geometry and spatial distribution of the stratigraphic, sedimentological and 
diagenetic heterogeneities found in carbonate reservoirs as well as the interaction of these heterogeneities on hydrocarbon 
recovery.  
A suite of eight geocellular models was constructed by combining six different stratigraphic heterogeneities with two 
end-member settings to understand the impact of stratigraphic heterogeneities on fluid flow (Fitch et al., in review). By applying 
dynamic flow simulation, the water and oil displacement due to waterflooding was simulated. An experimental design approach 
was used to identify the main heterogeneities controlling flow behaviour, for a range of different cases with different rock 
properties, fluid properties and development strategies. The research by Fitch et al. (2014) incorporates first order stratigraphic 
and sedimentological heterogeneities that are relevant to hydrocarbon production from carbonate reservoirs that are unkarsted, 
also demonstrates the significance of the presence of cemented hardground surfaces for oil recovery in displacements dominated 
by vertical flow. This work acts as a foundation for the following investigation considering the effect of karsts. 
Carbonate rocks host different types of porosity, ranging from microscopic to cave-sized cavities which make porosity 
and permeability estimation very challenging (Feng et al., 2007). This porosity and permeability variation, in combination with 
their susceptibility to dissolution due to meteoric water or to sea level fluctuation, can lead to karstic topographies such as karst 
Imperial College 
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channels, sinkholes, caves and complex underground drainage systems with extremely high permeability (Herriou & Barker, 
2007; Russell et al., 2007; Feng et al., 2007). Previous work has identified these significance of the high permeability conduits 
usually found in carbonate reservoirs with increasing permeability up to 3 orders, to have both positive and negative effect on 
recovery and even catastrophic results with early water breakthrough timing and large watercut (Ghedan et al., 2010; Chandra 
& Verma, 2011). These thin conduits were found responsible for injection water circulation from injector to producer, suppress-
ing production from other open layers (Chandra & Verma, 2011). Vaughan et al. (2004) also investigated the impact of high 
permeability streaks in the Upper Kharaib Reservoir, reaching a conclusion that these “thief zones” have a minimal influence to 
cumulative hydrocarbon recovery, but demonstrate significant difference in cumulative water production. 
The term “karst” refers to a 3-D drainage system with a network of openings with throats of at least 10-20 mm, including 
integrated turbulent flow involving fluids that (i) enhance preexisting permeability networks by dissolution or mechanical ero-
sion and (ii) reduce permeabilities by sedimentation and carbonate cementation (Esteban, 1989; Trice, 2005; Ford & Williams, 
2007). Different classifications of karsts were established in various studies based on; (1) climatic zones into tropical, subtropical 
and frigid karsts; (2) host carbonate rock into limestone, gypsum, dolomite and rock salt karsts; (3) emergence scenarios into 
bare, covered and buried hill karsts; (4) types of dissolution media into hypergenic water, hot water and biogenetic karst; (5) the 
time of formation into modern karst and paleokarst (Ren et al., 1983; James & Choquette, 1988; Yuan et al., 1994). In petroleum 
basins, the karst reservoir is undoubtedly buried paleokarst widely developed in Middle East and China such as the Renqiu of 
Huabei and Quianmiqiao of Dagang oilfields (Zhang et al., 2009). Zhang et al. (2009) also proposed that the term “buried hill” 
can no longer apply to the rich variety of karstic reservoirs found around the world, and suggested classification into two major 
categories; the karst that is controlled by the base level of erosion which means shallow karst including buried hill, reef banks 
and internal karst and the karst that is not controlled by the base level of erosion, which means deep karst including bedding 
deep-underflow, vertical deep infiltration and hydrothermal fluid karst (Zhang et al., 2009).  
Karst geometries can be complicated and in order to incorporate karst network geometries into a reservoir model (e.g. 
the Siebenhengste cave system Fig. 1), their effect on reservoir connectivity and permeability must be identified. The effect on 
porosity is usually minimal, but the changes in permeability may be significant (Feazel 2010). Karsts often preferentially develop 
along preexisting fractures and conversely tectonic processes can enhance a pre-existing karst (Trice, 2005). Channelised con-
duits are usually confronted in karst reservoirs and are paths for fluid flow both vertically and horizontally. The most intense 
karst formation is taking place along faults and fracture controlled karst channels (Feng et al., 2007). Karst reservoirs have the 
potential to develop heterogeneities both conventional and fracture related in addition to the karst channels (Trice 2005). Karst 
dissolution typically predates petroleum migration, as karst created after the petroleum migration results in an ineffective reser-
voir, but the voids created earlier could be an effective reservoir as long as they have not become cemented or sediment filled 
(Feazel, 2010).  
By adding simplified karst properties to the mid and inner belts, which are more susceptible to dissolution, in place of 
the cemented barriers in the models constructed by Fitch et al. (2014; in review), we can investigate the gross impact of these 
heterogeneities on hydrocarbon recovery using different modelling techniques and development strategies, promoting either 
horizontal and vertical flow. The objective of this thesis is to investigate and quantify the impact of high permeability zones, 
representing karstic horizons, on fluid flow within the framework of existing stratigraphic heterogeneity models in carbonate 
reservoirs by assigning karst properties and different spatial distributions under different development settings. 
 
Fig. 1 — A showing a 3D projection of section of the Siebenhengste Cave System. B Showing the complex mazement geometry of the 
karst network (154 km). The gross thickness of of the limestone which is hosting this karstic system is approximately 180 m. C- showing 
a histogram of this section of the Siebenhengste Cave System representing the distances of the cave conduits relatively to the base of 
the Schrattenkalk Formation (Filipponi et al., 2009) 
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Methodology 
Reservoir modelling 
Fitch et al. (2014) constructed the suite of 3D models used for this project initially as simple models that capture generic styles 
of stratigraphic heterogeneity and then were incorporated different levels of heterogeneity.  
 Each of the 8 models has an areal extent of 4 x 4 km and a thickness of 66 m, which represents a sector model where a 
number of injection and production well pairs can be incorporated at typical spacing for a typical Middle Eastern carbonate 
reservoir (Sibley et al., 1997). Surface based modelling and corner point gridding was used to represent the EOD-belt boundaries 
and the surface geometries in a computationally efficient manner (Jackson et al. 2005). Grid cells are 66x66 m and vary in 
thickness with a maximum of 1 m. Fitch et al. (2014; in review) constructed the grid layers by building up from the underlying 
surface and pinching out against overlying surfaces to make sure that that the grid conforms to the surface-based geological 
framework. Each model has 60 cells laterally and 77 to 116 vertically. The number of active cells in the model varies from 
242000 to 314000, depending on the stratigraphy and the EOD-belt geometries.  
 The EODs incorporated in the models are the inner ramp, mid ramp, outer ramp and pelagic (Table 1).  
Table 1 — Shows the lithological and petrophysical characteristics of the EOD-belts and their properties incorporated at the 3D-models 
by Fitch et al. (2014). Φ stands for porosity, kh for horizontal permeability and kv for vertical permeability 
 
Key stratigraphic and sedimentological heterogeneities 
Six generic stratigraphic and sedimentological heterogeneities at two end-members setting termed (A) and (B) were selected 
and implemented in the models as shown below (Fig. 2, Table 2) 
  
1. EOD-belt interfingering length 
The interfingering length of the EOD belts represents the maximum extent of the EOD boundaries between the sequence 
boundaries at two end member settings at (A) 8 km and (B) 24 km (Fitch et al., 2014). 
 
2. EOD-belt geometry 
Depending on sediment production rates and the fluctuation of sea level, EOD-belts form different geometries based 
on progradational and retrogradational-progradational architectures (Fitch et al., 2014). Setting (A) represents simple prograda-
tion between two sequence boundaries, and setting (B) includes both retrogradation and progradation creating a more complex 
geometry for EOD belts. 
 
3. EOD-belt rock properties 
 The facies characteristics and proportions found in the Jurassic Assoul formation in Morocco, described by Amour et 
al. (2012), are represented by the rock properties of the EOD-belts shown in table 1. Setting (A) describes grain-dominated EOD 
belts ranging from high to extreme high properties (kh up to 4200 mD for mid ramp), and setting (B) mud-dominated EOD-belts 
with lower porosity and permeability and higher contrast within the different belts. 
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Table 2 — The end member settings for each heterogeneity incorporated in the models (modified from Fitch et al., 2014)  
 
 
 
 
Fig. 2 — Cross –sections of the suite of models created by Fitch et al. (2014), showing the combinations of the heterogeneity settings 
for each model. 
4. Anisotropy of EOD-belt permeability 
Permeability anisotropy is the contrast between horizontal and vertical permeability at the scale of a reservoir grid block 
(Fitch et al., 2014). Two end members are used; (A) represents an isotropic permeability with kv/kh=1 while (B) corresponds to 
the variations of lithology and texture and kv/kh varies from 0.1 to 0.45 for the different EOD belts (Table 1). 
 
5. Character of EOD-belt boundaries 
End member (A) accounts for a sharp, well defined change between the EOD belts, while (B) defines a gradational boundary 
between the two EOD-belts, consisting of three transitional zones; each of 100 m extent down depositional dip (Fitch et al., 
2014). The properties for permeability and porosity are weight averaged for the three zones based on the neighbouring EOD 
belts (50% of the upper EOD plus 50% of the lower for the middle zone and 75% of the closest plus 25% of the furthest for the 
outer zones) (Table 2). 
 
6. Sequence boundary rock properties 
Fitch et al. (2014) studied the impact of these surfaces at two settings; (A) where sequence boundaries act only as 
architectural features with no modification of the rock properties and (B) where sequence boundaries are modelled as 10-cm 
thick layers with decreased φ and k values, and the application of a zero transmissibility multiplier that acts as a barrier to vertical 
flow. However, karstification is common at sequence boundaries and results in zones with higher permeability (Mazzullo & 
Chilingarian, 1992). For the purposes of this study, setting (B) of heterogeneity six represents the existence of stacked karstified 
zones; modelled with different thicknesses, spatial distributions and assigned properties explained in detail in section “Karst 
Modelling”.  
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Rock and fluid properties 
A single set of relative permeability (kr) and capillary pressure (Pc) curves are used for imbibition and drainage across the 
models for an intermediate oil-wet reservoir, as Fitch et al. (2014) found that varying these curves had a relatively low impact 
in recovery and their influence at the ranking of the heterogeneities was minimal. Production was simulated assuming incom-
pressible flow and no dissolved gas in the oil, using the reservoir fluid and rock properties shown below (Table 3) (see Appendix 
C for relative permeabilities and Capillary pressure data). 
Table 3 — The reservoir rock and fluid properties incorporated in all the models 
Reservoir Rock and Fluid Properties 
  Oil  Water  Rock 
Density (kg/m3) 
 
850 
 
950        - 
Viscocity (cp) 0.52 0.36  - 
Formation volume factor (rm3/sm3)  1  1  - 
Bubble point pressure (bar)  152  -  - 
Copressibility (1/bar)  1x10-4  3x10-5  5x10-6 
Temperature (Fahrenheit)                   -                                121                               - 
Reference pressure (bar)                   -                                206                               - 
Development strategies 
The production was simulated for a 20-year period with results analysed after 10 and 20 years. Different development strategies 
were applied which promote either vertical or horizontal flow with a 4 km linedrive and a 500 m five-spot configuration for the 
producers and the injectors (Fig. 3). For predominantly vertical flow the producers are completed near the base (approximately 
10 m) and the injectors at the top of the reservoir (approximately 15 m) (Fig. 3). The wells were completed across the whole 
reservoir interval for the strategy that promotes horizontal flow across the EOD-belts. The minimum bottom hole pressure was 
set at 152 bar both for the linedrive and the 5-spot configurations, however, the upper limit for the linedrive was set at 623 bar 
and for the 5-spot pattern 234 bar in order to meet the required pressure drop between the injectors and the producers and remain 
always above bubble point. The oil water contact (OWC) is located at 1800 m, which is 350 m below the reservoir. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 — Above the different patterns (A-linedrive and B-Fivespot) used for the well spacing, and below the varied completions in order 
to promote vertical (ii) or horizontal flow (i and iii) (modified from Fitch et al., 2014; in review) 
A
. 
B
. 
i ii iii 
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Experimental Design  
A standard 26-3 fractional factorial experimental design was used to explore the impact of the six stratigraphic and sedimento-
logical heterogeneites identified by Fitch et al. (2014) at two end member settings (low and high) (Table 4), which allows the 
main effects of each heterogeneity to be estimated independently of the other heterogeneities, assuming the higher order inter-
actions between heterogeneities are insignificant (Box et al. 1987; White & Royer, 2003). A rank order based on the simulation 
results for the field cumulative water and oil production, Stock Tank Oil Initially In Place, time of water breakthrough (Water-
cut=1%) and recovery factor both at 10 and 20 years of production, was established. 
Table 4 — The end member settings implemented in the suite of models as shown in experimental design. Thus, for heterogeneity (1) 
setting A corresponds to an 8 km and B to 24 km interfingering length, for (2) A-progradational and B- retrogradational-progradational 
geometry of the EOD-belts, for (3) A-Grain dominated and B-Mud dominated, for (4) A-isotropic and B anisotropic permeability, for (5) 
distinct (A) or gradational (B) EOD belt boundaries, for (6) A-sequence boundaries with no change of petrophysical properties and B-
existence of simplified karstified zones on (and below) the sequence boundaries. 
Factor (Heterogeneity) 
Geocellular Model 
A B C D E F G H 
1. EOD-belt interfingering length A B A B A A B B 
2. EOD-belt geometry A A B B A B A B 
3. EOD-belt rock properties A A A A B B B B 
4. Anisotropy of EOD-belt permeability A B B A B A A B 
5. Character of EOD-belt boundaries B A A B B A A B 
6. Sequence boundary rock properties B A B A A A B B 
Karst Modelling 
Karsts usually enhance local permeability and connectivity and have a minimal effect to porosity (Feazel, 2010; Trice, 2005). 
The thickness of analogue reservoirs varies from 5-200 m (e.g. oil reservoirs such as Kharga field Iraq and Shu’aiba reservoir, 
aquifers such as Ventos aquifer in SE Spain and cave systems such as the Siebenhengste Cave System) and the lateral changes 
to lithofacies can extend for up to 10 km (e.g. Kirkuk field, Iraq) (Trice, 2005; Filipponi et al., 2009, Andreu et al., 2010) (Table 
5). Karstified features are not laterally or vertically continuous (e.g. Fig. 1), and the permeabilities locally can be extremely high 
(e.g. flow across an up to 5 m wide fracture). Herriou & Barker (2007) showed that for a karst conduit of diameter 1 cm at a 
density of 1 conduit per square meter, the equivalent permeability and pressure drop between adjacent blocks are described by 
equation 1: 
𝐴 =
𝜋𝑅4
8
= 0.4 × 10−8 𝑚2 = 4 × 106 𝑚𝐷  And   ∆𝑝 =
μνΔx
0.0085𝑘
= 0.0012 𝑏𝑎𝑟  (Equation 1) 
Where A: area ,  R: radius of conduit, Δp: pressure drop, μ: viscocity, Δx: distance, v: volumetric velocity, k: permeability 
The pressure drop between adjacent grid blocks in a simulation model is very small, and the permeability very high and that can 
cause convergence problems when using a conventional simulator (Herriou and Barker 2007). For the purposes of this project, 
mean permeability increase, representing the combination of karst and matrix properties, for laterally continuous zones in a 
limited thickness was applied across the c. 16 km2 of the reservoir models. 
Table 5 — Karst Analogues (Trice, 2005; Andreo et al., 2010) 
Karst analogues Vertical Karst Thickness Area, km2 
Ventos aquifer, Spain 80-120 m 7 km2 
Kirkuk field, Iraq - 10 km2 
Idd el Shargi North Dome field, Qatar 15 m - 
Shuaiba reservoir, Yibal Field, Oman 10-15 m - 
Siebenhengste cave System, Switzerland 180 m 70 km2 
 
Permeability enhancements of 10, 20 and 30% were selected for this project in order to follow an investigative approach 
across varied properties, thicknesses and spatial distributions. This increase was initially applied to 10-cm layers at the sequence 
boundaries (Table 2) and then to 3 m, 5 m zone and 7 m zones having the sequence boundary as the uppermost layer of this zone 
(Fig. 4i, ii) of the models with sequence boundaries setting B (models A, C, G, H) (tables 2, 4). The mid and inner ramps were 
the main targets of the permeability enhancements. In an attempt to more realistically simulate the spatial distribution of karsts, 
object-based modelling with channel-shaped objects was used (Table 6, Fig. 4iii, iv). Stochastic Gaussian facies distribution 
was implemented to also represent the variability of permeability along with a more anisotropic spatial distribution of the high 
permeability horizons (Table 6, Fig. 4v).  
Examples of the karst horizons implemented in models C, G, H can be found in Appendix D. 
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Table 6 — Properties used in Petrel to create the Gaussian and object based high permeability horizons 
 
 
Fig. 4— Shows the different modelling methods of karstified zones within the reservoir which included (i) 3m, 5m and 7m zones, (ii) 
with permeability increase of 10, 20 or 30%, (iii) the variance of permeability within the channel-shaped objects in the model, (iv) the 
channels shaped objects covering 20% of the area for each of the models A, C, G, H and (v) the Gaussian distributed high perm zones 
represented by a mean multiplier of the original permeability 1.1, 1.2 and 1.3. 
Results 
Initially, the results of the full suite of original models were simulated. Similar recovery factors and watercut after 20 
years of production are shown for the development strategies promoting horizontal flow (5-spot and linedrive perforated at the 
whole interval) while the water breakthrough time was at 0.3 years for the 5-spot and at 0-2 years for the linedrive (Fig. 5, A 
and B respectively). The strategy dominated by vertical flow, yields a lower recovery factor for models A, C, E, F and a higher 
recovery for models B, D, G, H while the water breakthrough varied from 3-16 years apart from model F which did not demon-
strate any water production during 20 years.  
Modelling method 
Distribution Fraction Permeability
Permeability increase Min Max Mean Min Max Mean Min Max Mean Min Max Mean
10% 0.8 1.5 1.1 Normal 20% 50 100 150 0.5 4 7 100 200 350 1.1
20% 0.8 1.6 1.2 Normal 20% 50 100 150 0.5 4 7 100 200 350 1.2
30% 0.8 1.7 1.3 Normal 20% 50 100 150 0.5 4 7 100 200 350 1.3
Output Amplitude Thickness Width
Properties 
Object-basedGaussian Distribution
Multiplier 
,m  ,m  ,m  
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Simulation results of models A, C, G, H 
Implementing the different karstic surfaces as described in Fig, 4, in the grain dominated models (A and C) influenced variably 
the hydrocarbon production and water breakthrough timing. The increase of permeability of a 10-cm thick layer had a very low 
impact on the water breakthrough and recovery for all models (Fig. 8). 
 When vertical flow dominates, the increase of the thickness of the karst zone (3 m, 5 m and 7 m) corresponds to higher 
recovery factor e.g. up to 4% difference (relative to the original model, with the same strategy) and earlier water breakthrough 
timing (up to 2.5 years difference for model H). 
On the contrary, the increase of hydrocarbon recovery for the horizontal strategies is low compared to the original 
models (e.g. up to 1.6% for model A), while the water production was increased significantly. For all cases, except for model A 
horizontal linedrive, the highest recovery factor was the result of the 5-m Gaussian distributed karstic zone (Fig. 7, see Appendix 
E for results of models C, G, and H). Fig. 8 shows that karstic surfaces have a higher impact on recovery when we use develop-
ment strategies dominated by vertical flow while their impact when we use horizontal flow strategies is minimal (2% increase 
versus 0.5% for model A).  
 
Experimental design results 
The experimental design allows the investigation of the relative impact of the different stratigraphic and sedimentological het-
erogeneities based on the simulation results for oil, water production, Stock Tank Oil Initially in Place (STOIIP), water break-
through time and recovery factor of the eight models where the two end member settings were implemented. A ranking of the 
influence of the six heterogeneities (table 2) is then established for each of the different development strategies based on the 
impact of changing a heterogeneity setting from (A) to (B) relative to the average behaviour of the eight models (Fitch et al., 
2014). 
Fig. 5 — The simulation results for cumulative hydrocar-
bon production and watercut during 20 years of produc-
tion of the original models constructed by Fitch et al. 
(2014; in review) without the transmissibility factor and 
without any other change of properties by using 5-spot 
pattern (A) and linedrive (B) configurations that promote 
horizontal flow. (C) shows the simulation results with the 
use of a 4-km linedrive that promotes vertical flow. FOPT 
stands for Field Oil Production Total and FWCT for Field 
Watercut Total. 
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Fig. 6 — Plots showing the impact of increasing the thickness of karsts from the original model to a 10 cm, 3m, 5m and 7m high 
permeability horizon for the three development strategies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 — Bar chart showing the comparison of the impact of the horizontal (B) and vertical (A) dominated strategies on recovery factor 
for different karst thicknesses and different modelling methods on model A. 
Fig. 7 — Shows the impact of karstic surfaces with per-
meability increase at 30% and different development 
strategies (A-horizontal 5-spot, B- horizontal linedrive 
and C-vertical linedrive), on Model’s A hydrocarbon re-
covery and water cut. The impact of the karstic surfaces 
is more visible in the first 10 years of production, espe-
cially for the linedrive promoting vertical flow where we 
can observe 0.1 Billion Barrels variation in production 
(original to Gaussian) in the 7th year and major differ-
ences in watercut for the models with the karstic hori-
zons 
Maximum incremental 
difference of recovery: 
- At 10 years 0.8% 
- At 20 years 0.55 % 
Maximum incremental 
difference of recovery: 
- At 10 years 1.7% 
- At 20 years 1.6%  
Maximum incremental 
difference of recovery: 
- At 10 years 4.1% 
- At 20 years 2.7% 
Model A 
B. A. 
C. 
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The impact of the six heterogeneities on STOIIP remains the same across the different development strategies and karst 
modelling methids, as STOIIP is not controlled by permeability (Fig. 9). The rock properties of the EOD belts have the largest 
impact on STOIIP (Fig.9) in comparison with the average response for all the models. The interfingering length of the EOD 
belts ranks second causing a decrease by 25% on STOIIP. The progradational or retrogradational-progradational nature of the 
EOD belts is ranked third and decreases STOIIP by 15%. The character of EOD boundaries and their petrophysical properties 
have relatively smaller effect while permeability anisotropy has no influence on rock pore volume. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 9 — Tornado chart showing the percentile change in oil initially in place when changing the end member settings. 
Results from strategies dominated by horizontal flow  
  
The strategies that promote horizontal flow are the 4-km linedrive and 5-spot pattern perforated over the whole reservoir interval. 
These two strategies showed comparable results in production of hydrocarbon and watercut with very small differences between 
them from model to model. The highest recovery was observed with the use of the 4-km Linedrive (Fig. 7). 
The interfingering length of EOD belts is ranked first after 10 years of production with the ability to decrease hydro-
carbon recovery by 30%, but ranked second overall in 20 years of production with 25% (Fig. 10-A). The rock properties of the 
EOD belts are second in the tornado plot for 10 years of production, but first for the 20 years, decreasing recovery by up to 28%. 
Geometry of EOD belts comes third with a decrease of its impact between 10 and 20 years of production (25% to about 22%). 
The permeability anisotropy and properties of sequence boundaries have relatively smaller influence on recovery, decreasing it 
by only 10%. The effect of the character of EOD boundaries is increased from 10 to 20 years. 
The highest impact on breakthrough time belongs to the rock properties of the EOD belts that can accelerate the time 
to water breakthrough by up to 60 % (Fig. 10-A). The petrophysical properties of the EOD sequence boundaries (setting B; 
karstic surfaces with increased permeability) have also significant effect to water breakthrough varying from 20 to 32% decrease 
of the time needed until the water breakthrough as we increase the thickness of the karstic horizons. Permeability anisotropy has 
a rising impact as we increase the thickness of karsts (5-10%). The significance of interfingering length is reduced as we increase 
the karst thickness. The impact of the geometry of EOD belts and character of EOD boundaries is less significant. 
The rock properties of the EOD belts are ranked first (both in 10 and 20 years of production) when using the 5-spot 
pattern, reducing recovey faster by about 28-31% depending on the karst zone thickness (Fig. 10-B). The geometry of the EOD 
belts is appearing second with decreasing impact after the first 10 years. Interfingering has a decreased impact compared to 
linedrive especially at 10 years of production (30% versus 20%). Permeability anisotropy and character of EOD boundaries has 
similar impact with the linedrive. Moreover, interfingering length, rock properties, anisotropy and geometry of EOD belts have 
different impact on some of the methods used to simulate karsts in 10 years comparing to 20 years. 
The results for water breakthrough time using 5-spot pattern are similar to the linedrive with the exception of the inter-
fingering which has a higher impact, in the opposite direction meaning it can accelerate water breakthrough (in comparison with 
linedrive where interfingering has the ability to delay water breakthrough). The petrophysical properties of the karstic surfaces 
show a less significant impact, but this effect is still increasing (acceleration of water breakthrough) as the thickness of karst is 
increasing (Fig. 10-B) (see also Appendix F).  
-70 -60 -50 -40 -30 -20 -10 0 10
A:Interfingering of EOD belts
B:Geometry of EOD belts
C:Rock Properties of EOD belts
D:Anisotropy of EOD belt permeability
E:Character of EOD boundaries
F:Petrophysical properties of sequence
boundaries
Percentage change in volume of oil initially in place
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Fig. 10 — Tornado plots showing the sensitivity of RF and Water breakthrough time to the 6 stratigraphic and sedimentological heter-
ogeneities over increasing thickness of karstic horizons for horizontal flow dominated strategies (A- linedrive, B- 5-spot) 
Comparison of the 4-km linedrive configuration results 
The results of the 4-km linedrive dominated by horizontal flow were described above. The 4-km linedrive completed at the top 
and bottom of the reservoir interval (strategy dominated by vertical flow) displayed variable results. The rock properties of the 
EOD belts were ranked first as controlling heterogeneity of the hydrocarbon recovery, showing a higher impact at 10 years of 
production (reduced by half after 20 years) (Fig. 11). The geometry of EOD belts is ranked second and its impact is significantly 
reduced from 10 to 20 years. Rock properties, geometry and anisotropy have negative impact to recovery, displaying the same 
gross behaviour as when using the linedrive dominated by horizontal flow. 
The interfingering length is the third most significant heterogeneity in 10 years, having a positive impact on recovery 
by up to 30% at 10 years and 12% at 20 years, while the karstic features have the opposite effect.  The character and petrophysical 
properties of EOD belts have a positive impact on recovery factor by about 10%, which is also increased between 10 and 20 
years of production compared to the average behaviour of the models. 
Rock properties are the controlling heterogeneity for water breakthrough timing, both in vertical and horizontal strate-
gies. The length of interfingering has an accelerating impact on time of water breakthrough while geometry has a delaying effect 
(50-60% comparing to 10-15% for horizontal flow) (Fig. 10 & 11, see also Appendix F for permeability increase of 10 and 
20%). 
The geometry of EOD belts is ranked third with positive impact on recovery, unlike the horizontal flow dominated 
linedrive which was not found sensitive to geometry. The character of EOD boundaries has also higher effect on vertical flow 
than horizontal flow. The petrophysical properties of the sequence boundaries have lower impact in vertical flow than in hori-
zontal flow but, as we increase the thickness of the karstified zone, the water breakthrough is accelerated (Fig. 11). When com-
paring vertical and horizontal flow for the mud dominated model G, it is observed that vertical flow causes a better sweep (shown 
also by the final RF; 48.6 % when horizontal flow dominates versus 59.2% when vertical flow is dominant) (Fig. 12A & B). 
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Fig. 11 — Tornado plots showing the ranking of the different when vertical flow is dominating; the first two plots display the percentile 
change in recovery factor from setting (A) to (B) for increasing thickness of karstic surfaces in 10 and 20 years of production. The third 
tornado plot shows the percentile change in time to water breakthrough. 
Fig. 12 — Depositional dip sec-
tions of model G showing oil sat-
uration after 1, 5 and 10 years for 
the linedrive dominated by verti-
cal flow (A) and after 1 and 5 
years for the linedrive dominated 
by horizontal flow (B). The re-
sults display relatively faster wa-
ter breakthrough when imple-
menting the karsts and better 
sweep efficiency for the comple-
tion at the top and bottom for 
producers and injectors respec-
tively. (B) Shows thicker un-
swept zones when implementing 
the karsts and faster water 
breakthrough. 
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Discussion 
Impact of karsts (or “high permeability streaks”) on production  
The simulated models showed different results (Fig. 5 & 7) in reference with the work of Fitch et al. (2014) because of the 
omission of the barriers to vertical flow. All of the simulated models showed a similar tendency towards minimal increase of 
hydrocarbon recovery, earlier breakthrough and significant increase of the cumulative water production when implementing 
high permeability zones (karsts) within the models. This is comparable to the findings of Chandra & Verma, 2011 and  Trice, 
2005. The increase of cumulative water production takes place because more water is being cycled through with time which is 
directly related with the location and extent of the high permeability surfaces (similar findings observed by Vaughan et al., 
2004). We were also able to show that as the permeability contrast between the thief zone (karst or high permeability streak) and 
the reservoir increases, the water breakthough timing is accelerated (Fig. 13-B). Ghedan et al. (2010)  in their research  indicated 
similar results. The results for model H can also be found in Appendix D. 
Furthermore, the 10-cm thick karst showed results very similar to the original model with all the development strategies 
(e.g. a difference of 0.0001%). However, for larger thicknesses there is a trend showing that as we increase permeability, hydro-
carbon recovery is increased and the breakthrough timing is accelerated (thus, the cumulative water production increases), as 
flow rate at a given time is controlled by permeability. It was also observed that the threshold of thickness of karsts that plays 
the most important role in oil recovery is that between 0.5 to 5 m (Fig. 8). The 7 m karstic zone displayed similar (or increased 
insignificantly) cumulative oil production compared to the 5 m karstic zone (Fig. 6 to 8), though cumulative water production is 
still increasing outside this threshold. 
Gaussian distributed karsts have displayed, in most cases, the highest recovery factors and the earliest water break-
through times even though they have a gross thickness of 5m (30% vertical coverage of karsts in the reservoir for the 5m zone 
versus 42% vertical coverage for the 7m zone). The reason is karst distribution was modelled with a minimum and a maximum 
value, which was set at 0.8-1.7 accordingly, for the 30% permeability increase. This implies that there are areas with increase of 
up to 70% of the original permeability, which, if connected, have the potential to behave as paths preferential to flow, reducing 
sweep efficiency due to the tendency of water to channel through lateral conduits. However, their difference from the corre-
sponding 5 m zone is not large, suggesting that modelling karsts as discrete objects is not very significant when the aim is to 
understand their gross behaviour regarding oil and water production. If, on the other hand, the objective is the optimum well 
placement in order to enhance sweep efficiency and avoid excessive water production, conceptual and numerical models need 
to be developed based on karst distribution in addition to models based on depositional environment or tectonic fracture distri-
bution tested against existing data (Trice, 2005).  
The models constructed by Fitch et al. (2014) have extremely high permeability and porosity in some mid ramp EOD 
belts. To gain more understanding about the impact of karsts on models, cases were simulated where the permeability of mid 
ramp was reduced to 10% and 1% of the original for a grain-dominated and a mud-dominated model. Modifying the permeability 
of mid ramp demonstrated that, with a lower permeability contrast between neighbouring EOD belts, the impact of 10, 20 and 
30% enhancement within the high permeability zone was increased (in comparison with a non-karstic model with decreased mid 
ramp permeability), showing that when matrix properties are lower, the high permeability zones (called karsts for the purposes 
of this project) are even more important for oil and water production (A).3 The results for model H are summarised in Appendix 
B. 
 
Fig. 13 — A – Bar charts showing the change in recovery when implementing karsts of different thicknesses with decreased mid ramp 
properties. B- Plots showing how the water breakthough is affected by the permeability contrast between the karst and the reservoir 
for model A. 
Experimental Design results 
Relative impact of stratigraphic and sedimentological heterogeneities  
The experimental design results presented earlier for water breakthrough and recovery factor are summarised below (Table 7). 
The same heterogeneities can cause different effects on flow during production for production strategies that promote horizontal 
or vertical flow schemes (e.g. Table 7 - similar ranking both for vertical and horizontal flow but opposite effect). The impact of 
heterogeneities on recovery is significantly higher than the variability of the same model with different development strategies 
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(decreasing up to 70%). This demonstrates that the modelled geology exerts a greater impact on production behaviour than the 
different development strategies (similar findings with Fitch et al., 2014). 
Table 7 — Summary of the ranking of the different stratigraphic heterogeneities based on recovery factor and water breakthrough; VL 
stands for the linedrive which promotes vertical flow, HL and H 5-spot are the linedrive and 5-spot dominated by horizontal flow. The 
red cells are demonstrating the change of direction of the impact (reducing or increasing) of a heterogeneity in reference with their 
impact on HL (Fig. 10-11). 
` 
Recovery Factor Water breakthrough time 
VL HL H 5-spot VL HL H 5-spot 
1. Interfingering of EOD belts (3) (2) (3) (2) (3) (4) 
2. Geometry of EOD belts (2) (3) (2) (3) (6) (5) 
3. Rock Properties of EOD belts (1) (1) (1) (1) (1) (1) 
4. Permeability anisotropy of EOD belts (6) (5) (5) (6) (4) (3) 
5. Character of EOD boundaries (4) (6) (6) (4) (5) (6) 
6. Petrophysical properties of sequence boundaries (5) (4) (4) (5) (2) (2) 
 
Switching from grain-dominated to mud-dominated models is the most important factor both for the recovery factor 
and the water breakthrough regardless the development strategy because variations in permeability impact the oil and water 
flowrates and thus, recovery factor and water breakthrough timing (Pranter et al., 2006; Fitch et al., 2014). 
 The other key heterogeneities for oil displacement dominated by either horizontal or vertical flow are the ones control-
ling the volume and lateral continuity of EOD belts (interfingering length and geometry of EOD belts) which is also supported 
by Fitch et al. (2014).  
 The low ranking of permeability anisotropy in both cases is probably caused by the relatively flat geometry of the EODs 
that structurally promotes horizontal flow within the same EOD and the narrow kv/kh ratio (0.1-0.4) used in these models (Hollis 
et al., 2011, Fitch et al., 2014). Moreover, the character of EOD boundaries has consistently low significance because of the 
relatively small volume within the models. 
 The petrophysical properties of the sequence boundaries (e.g. setting (B) representing karsts) are of low ranked signif-
icance for oil recovery, they are playing more important role, increasingly with thickness, for water breakthrough timing and 
recovery factor when horizontal flow is promoted comparing to vertical flow. However, this is not essentially (or always) right. 
This is happening because experimental design uses as a reference the average behaviour of all the input models (Box et. al, 
1987). For instance, a 7 m karst can accelerate water breakthrough timing up to 40% when horizontal flow is dominating and 
for vertical flow up to approximately 8%. In fact, 40% corresponds to about 100 days and 8% corresponds to about 770 days. 
Practically, 770 days without water production are far more important than 100 days considering that the difference in recovery 
factor with both of these strategies is not as high. Hence, in this case, it is better to represent the impact on breakthough timing 
by using the change in measured time than the change as a percentage 
 Another inconsistency of experimental design was observed in the impact of the heterogeneities on STOIIP which 
suggests that the petrophysical properties of sequence boundaries can increase the oil in place, which is wrong as their porosity 
is not modified. This is happening again, because of the averaging of all the models that this method uses as reference. 
Relative impact of development strategy and heterogeneities of the models 
The effective well placement and application of waterflooding in karstic reservoirs is a significant challenge for the optimum oil 
recovery. The main reason is that flow rates vary considerably within the same field or even between wells just a few hundred 
meters apart (similar findings with Trice, 2005). It is crucial to improve the understanding of the behaviour of the different 
development strategies in order to achieve optimum oil recovery and low water cut in karst reservoirs or in reservoirs with high 
permeability streaks. The variability of the flow rates from well to well based on the spatial distribution of the high permeability 
zones in comparison with the heterogeneities existing in carbonate reservoirs make very difficult the choice of the suitable well 
placement, spacing and completion inteval. 
In some of the models (B, D, G, H), completion at the bottom for the injectors and at the top for producers, yields a 
higher recovery factor because of the increased potential for vertical flow. This causes a better sweep of the whole reservoir 
(Fig. 12-A). When vertical flow dominates, the recovery factor is significantly higher (up to 30% ) given that the interfingering 
length is at the high setting (Table 4) comparing to the strategies which promote horizontal flow (similar findings with Fitch et 
al., 2014).   
Switching, also, from grain-dominated to mud-dominated models yields lower cumulative oil and water production.  
Completion over the whole interval, promotes horizontal flow and is advantageous for the production from the grain-dominated 
models with very high permeability in mid and inner ramp. However, this strategy causes poor sweep efficiency when there is 
a high permeability contrast with the neighbouring zone and, thus, a markedly lower recovery factor (G, H). 
The models with object-modelled and Gaussian distributed karsts demonstrated similar behaviour over 20 years of 
production showing a small increase in the recovery factor and a significant increase in water production comparing to the non 
karstic original models, but less water production comparing to those with karstic zones. This is also supported by the findings 
of Vaughan et al., (2004) who showed higher water saturation (and thus, water production) when the high permeability streak 
extends throughout the model layer. The only exception was model A which showed a decrease in hydrocarbon and water 
production when implementing the linedrive which is dominated by horizontal flow. The decrease in recovery is caused by the 
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geometry of the EOD belts (retrogradational-progradational nature). One would expect the 5-spot pattern to behave similarly, 
however this is not the case, because of the well spacing (500 m) which allows a more efficient sweep.  This seemingly paradox 
behaviour is a result of the existence of producers and injectors not located within the high permeability channels (which cover 
only 20% of a 5m zone) and the interfingering length of EOD belts which has also lower (reducing) impact when using the 5-
spot pattern (Fig. 10-B). 
Concerning the strategies that are dominated by horizontal flow, the linedrive configuration gives most of the times 
higher recovery factor when implementing the high permeability zones than the 5-spot pattern because of the larger spacing 
between the wells which enhances the potential for vertical flow after a few years. 
 
Conclusions 
A suite of eight generic models constructed by Fitch et al. (2014; in review) were used to investigate the impact of high perme-
ability zones, or karsts for the purposes of this thesis, within a carbonate reservoir. To do that, we modified the sequence bound-
ary heterogeneity setting implemented in some of the models, by replacing the barriers to vertical flow with high permeability 
zones of varied thickness. Flow simulation and an experimental design technique were then implemented to investigate the 
impact of the first order stratigraphic and sedimentological heterogeneities on hydrocarbon recovery. 
Overall, this project investigated the gross impact of high permeability zones in a heterogeneneous carbonate reservoir. 
The simulation results demonstrated slightly higher hydrocarbon recovery, but much earlier water breakthrough by increasing 
thickness of the karst features. We were also able to spot a threshold (0.5 - 5 m) where the thickness of these zones is more 
important for oil production, especially when vertical flow is dominating. We sensitised the impact of karst surfaces for lower 
mid ramp permeability, concluding that lower matrix properties and lower permeability contrast between the neighbouring zones 
of the matrix yield a higher recovery factor when implementing the high permeability streaks. 
The disadvantages of this work were the unrealistically high BHP pressures in order to maintain the reservoir pressure 
and the very large cells of the models which did not allow a realistic representation of the karstic conduits. However, even the 
most realistic method (Gaussian distribution) which was used to represent karsts more accurately, did not have significantly 
different results than the more simplistic approaches. Geologically, another inconsistency is that karst conduits usually coexist 
with cemented lags, fractures or faults and that is something that should be investigated in future work.  
Furthermore, as water production is significantly increased when implementing the high permeability zones, it would be essen-
tial to introduce water production controls, in order to shut in the wells that produce water above a certain Wc and investigate 
their recoveries until this point. Channelling of flow into high-permeability layers is a primary control on oil recovery and this 
effect is increasing with viscosity contrast between injection fluid and crude oil (Agada et al., 2013). That is the reason it is 
crucial that the sweep efficiency within these high permeability zones be investigated by applying a lower viscosity contrast in 
future research. 
 
Nomenclature 
k (r, v, h) Permeability (relative, vertical, horizontal) 
φ Porosity 
R Radius 
v Darcy velocity 
∆p Pressure difference 
∆x Distance 
μ Viscocity 
Bbbl Billion barrels 
Cp Centipoise 
m Meter 
mD MilliDarcy 
BHP Bottomhole Pressure 
EOD Environment of deposition 
FOPT Field oil production total 
FWCT Field water cut total 
STOIIP Stock tank oil initially in Place 
Wc Water cut 
RF Recovery factor 
VL Linedrive promoting vertical flow 
HL Linedrive promoting  horizontal flow 
H 5-spot 5-spot configuration promoting horizontal flow 
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Appendix A – Critical Literature Review 
Paper n° Year Title Authors Contribution 
79676 2003 
“Experimental Design as a 
Framework for Reservoir Stud-
ies” 
C. D. White, S. 
A. Royer 
Increase of the understanding of the experimental design 
in numerical simulations, especially the two-level factorial 
designs; the role of the factors and responses that are 
used. 
93679 2005 
“Challenges and Insights in Opti-
mizing Oil Production from Mid-
dle East Mega Karst Reservoirs” 
R.Trice 
 Increase the understanding regarding the effective 
placement of wells and the effective application of en-
hanced recovery mothods in mega karst reservoirs. 
Flowrates vary significantly within the same field from 
well to well. In order to optimize well placement, concep-
tual and numerical models based on the distributions 
must be developed. 
 Karst products include shale or carbonate occluded 
faults and fractures, cemented horizons and discrete 
large-scale reservoir elements such as sinkholes. 
 Faults can act as intra karst reservoir seals or as prefer-
ential permeability conduits. Karst enhanced faults pre-
sent potentially high production sweet spots. 
Petroleum ex-
ploration and 
development 
2009 
Classification and characteristics 
of karst reservoirs in china and 
related theories 
Zhang B., Liu J. 
 General increase of understanding regarding the exist-
ing classification methods for karst. 
 Proposal of also classifying them into two major genetic 
types (i.e. base and non base level). 
AAPG Bulletin, 
93, 9, 
2009 
“Three-dimensional modeling of 
a shoreface-shelf parasequence 
reservoir analog: Part 2. Geo-
logic controls on fluid flow and 
hydrocarbon recovery.” 
Jackson, M.D., 
Hampson, G.J., 
and Sech, R. 
Novel Investigation of the impact of clinoform controlled, 
depositional and diagenetic heterogeneities on fluid flow 
during hydrocarbon recovery from wave-dominated, 
shoreface-shelf reservoirs in a 3D model constructed ac-
cording to a single shoreface-shelf parasequence ex-
posed at outcrop, which captures clinoform surfaces and 
clinoformcontrolled facies architecture. 
131055 2010 
“Thief zones and effectiveness of 
water-shut-off treatments under 
variable levels of gravity and res-
ervoir heterogeneity in carbonate 
reservoirs” 
Ghedan, S., Bo-
loushi, Y. & 
Saleh, M. 
 Investigation of the relative impact of high permeability 
layers that will act as thief zone causing early water 
breakthrough 
 Effect of different reservoir heterogeneity parameter on 
the behavior of thief zones including kh and kv/kh ratio 
and thickness 
 Applicability of water shut off treatment to determine 
their effectiveness in delaying water breakthrough 
Petroleum 
Geoscience 
2014 
“Interaction of stratigraphic and 
sedimentological heterogeneities 
with flow in carbonate ramp res-
ervoirs: impact of fluid properties 
and production strategy” 
Fitch, P.J.R, 
Jackson, M.D., 
Hampson, G.J., 
and John, C.M. 
Investigation of the  impact of fluid properties and pro-
duction strategy on the hierarchical approach of strati-
graphic and sedimentological heterogeneities in car-
bonate ramp reservoirs with two different production 
strategies promotinh vertical or horizonatl flow 
AAPG 
In re-
view 
”A hierarchical approach to clas-
sifying stratigraphic and sedi-
mentological heterogeneities in 
carbonate ramp reservoirs with 
application to integrated flow 
simulation studies” 
Fitch, P.J.R, 
Jackson, M.D., 
Hampson, G.J., 
and John, C.M. 
 Increase of the understanding of the stratigraphic and 
sedimentological heterogeneities found in carbonate 
ramp reservoirs. 
 Definition of end member values for each heterogeneity 
 First application of hierarchy to quantify their impact on 
flow by modifying end-poit mobility ratio, well placing 
and placement, and the modelling method of relative 
permeability and capillary pressure. 
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SPE 79676 (2003)  
Title: Experimental Design as a Framework for Reservoir Studies 
 
Authors: C. D. White, S. A. Royer 
 
Contribution to my project:  
Increase of the understanding of the experimental design in numerical simulations, especially the two-level factorial designs; the 
role of the factors and responses that are used. 
 
Objective of the paper:  
To demonstrate the integration of extensive geoscience and engineering data with complex process models in order to examine 
the reservoir behavior considering various scenarios, cases and realisations.  
 
Methodology used:  
This framework is applied to simulate, analyse and optimize a subsea, predevelopment study of a Gulf of Mexico turbidite 
reservoir with the objective to examine the sensitivity of oil production to well location, absolute horizontal permeability, pore 
compressibility, aquifer size, skin and vertical permeability. These parameters are called factors and can be classified to control-
lable, observable and uncertain depending on the accuracy of the measurement or the ability to be controlled. Variance analysis, 
sensitivity analysis, and response surfaces can be used to analyze designed simulation studies. Response surfaces are efficient 
proxies for reservoir simulators, and can be used for uncertainty analysis, parameter estimation, forecasting, and optimization. 
 
Conclusion reached:  
Experimental design and response modelling are well-established methods; however, they are only used only by certain groups 
in petroleum exploration and production. This is because of the lack of software integrating experimental design, statistical 
testing, response modeling and response analysis for the modules and reservoir simulation. In addition, the correlated factors 
and the number of simulations are usually discouraging factors regarding its use. Furthermore, response models must include 
quadratic terms for controllable factors and interactions between controllable and other factors. 
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SPE 93679 (2005)  
Title: Challenges and Insights in Optimizing Oil Production from Middle East Mega Karst Reservoirs 
 
Authors: R.Trice  
 
Contribution to my project:  
 Increase the understanding regarding the effective placement of wells and the effective application of enhanced recov-
ery mothods in mega karst reservoirs. Flow rates vary significantly within the same field and from well to well. In order 
to optimize well placement, conceptual and numerical models based on the distributions must be developed. 
 Karst products include shale or carbonate occluded faults and fractures, cemented horizons and discrete large-scale 
reservoir elements such as sinkholes. 
 Faults can act as intra karst reservoir seals or as preferential permeability conduits. Karst enhanced faults present po-
tentially high production sweet spots. 
 
Objective of the paper:  
Establish the impact of karst on optimizing oil production from a carbonate reservoir. 
 
Methodology used:  
44 Middle Eastern carbonate reservoirs have been studied in an attempt to identify and isolate the karst drainage system contri-
bution to production. A first quick look method has been developed by which carbonate reservoirs/fields can be ranked with the 
objective of assessing the degree that karst influences are present. 
 
Conclusion reached:  
 Better reservoir performance and higher efficiency are characteristic of megakarst reservoirs with a high matrix perme-
ability and water or solution gas drive commonly result in lower recovery efficiency. Careful control on position of 
completion intervals is significant in keeping watercut low. 
 Karst can control apparent and effective reservoir properties in underlying reservoirs 
 Recovery factor in megakarst reservoirs is a function of matrix permeability and porosity development, the degree of 
matrix and fracture connectivity, aquifer strength andf matrix wettability. 
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Petroleum Exploration and Development, 36(1), 12-29, (2009) 
Title: Classification and characteristics of karst reservoirs in China and related theories 
 
Authors: Zhang, B., & Liu, J.  
 
Contribution to my project: 
 General increase of understanding regarding the existing classification methods for karst. 
 Proposal of also classifying them into two major genetic types (i.e. base and non base level). 
 
Objective of the paper:  
To classify karsts based on their characteristics and the conditions under which they were created. 
 
Methodology used:  
Study of the existing classifications of karsts, the relationship between karst reservoir development cycles and earth structure 
sedimentary evolution cycles, as well as the zonal and azonal factors controlling karst development. 
 
Conclusion reached:  
It is important for reservoir evaluation and prediction to reconstruct them and to analyse the genetic mechanisms of the karst 
pore-cave fracture and large scale cave. 
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AAPG Bulletin, 93, 9, p1183-1208 (2009) 
Title: Three-dimensional modeling of a shoreface-shelf parasequence reservoir analog: Part 2. Geologic controls on fluid flow 
and hydrocarbon recovery. 
 
Authors: Jackson, M.D., Hampson, G.J., Sech, R. 
 
Contribution to my project: 
Investigation of the impact of depositional and diagenetic heterogeneity for an outcrop-derived model by varying well spacing 
and waterflood direction. Increase understanding regarding the ways interfingering affects STOIIP and how waterflood sweep 
efficiency is affected by barriers to vertical flow.  
 
Objective of the paper:  
 To study the impact of heterogeneity associated with gently dipping wave-dominated shoreface-shelf reservoirs on fluid 
flow and recovery during waterflooding. 
 To quantify the importance of capturing clinoform controlled architecture such as calcite cemented layers, mudstones 
and siltstones in these models.  
   
Methodology used:  
 Variation of injector-producer well spacing and waterflood direction with respect to depositional dip. 
 Production was simulated to fine geologic models with no upscaling to coarser simulation grid. 
 
Conclusion reached:  
Although clinoform surfaces control facies architecture, they have limited impact on the waterflood recovery factor unless they 
are asscoaited with additional barriers to flow such as calcite-cemented layers. The displacing water moves rapidly through the 
best quality USF facies at the top of the parasequence leading to early water breakthrough. 
Capturing clinoforms in subsurface models of wave dominated, shoreface-shelf reservoirs is important to properly predict facies 
architectureand hence volumes of oil in place, recovery factor and pressure behavior. 
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SPE 110072 
Title: Thief zones and effectiveness of water-shut-off treatments under variable levels of gravity and reservoir heterogeneity in 
carbonate reservoirs 
 
Authors: Ghedan, S., Boloushi, Y. & Saleh, M. 
 
Contribution to my project: High permeability layers will act as normal layers if the ratio to the reservoir permeability to average 
reservoir permeability of 1.5 or less. In general, thief zones in lower permeability reservoirs exhibit lower water breakthough 
timing and faster waterfront development. 
 
Objective of the paper: 
 Increase understanding of the effect of heterogeneity level on the development of water front and its movement in the 
presence of uneven peremeability reservoir layers. 
 Identify when high permeability zones act as thief zones and what would be the effect of gravity in the process. 
 To test the effectiveness of water shutoff treatment for differenet reservoir hweterogeneity levels under variable gravity 
effects.  
 
Methodology used:  
A 3D sector model extracted from a layered heterogenous carbonate reservoir from the Middle East was employed with a water 
injector and two producing wells in a line-staggered pattern. Various sensitivity runs were implemented in order to analyse the 
effect of various parameters to water breakthrough time, WBTT and the evolution of water front in high permeability layers. 
 
Conclusion reached:  
The paper determened the effect of of different reservoir heterogeneity parameters on the behavior of thief zobes, including thief 
zones horizontal permeability, kv/kh ratio and thickness. The threshold of these parameters and their various combinations that 
cause higher permability layers to act as thief zones were established for different levels of reservoir permeability. Moreover the 
paper investigated the effect of gravity on the process by comparing the behavior of top versus bottom thief zones. 
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Petroleum Geoscience (20): 7-26.  
Title: Interaction of stratigraphic and sedimentological heterogeneities with flow in carbonate ramp reservoirs: impact of fluid 
properties and production strategy 
 
Authors: Fitch, P.J.R, Jackson, M.D., Hampson, G.J., and John, C.M. 
 
Contribution to my project: 
First application of the hierarchy levels 1 to 3 in order to identify and capture the impact of stratigraphic and sedimentological 
heterogeneities. The steps and the methodology used in this thesis mimics the one used by Fitch et al. (2014)   
 
Objective of the paper: 
Integrated flow simulation and experimental design techniques are employed to investigate the relative first-order impact of 
stratigraphic heterogeneities on simulated recovery in carbonate reservoirs. Two production strategies promoting vertical and 
horizontal flow are compared. 
  
Methodology used:  
A suite of 8 models was constructed based on outcrop analogs that capture generic styles of gross stratigraphic architecture in 
carbonate ramp systems. They combine heterogeneity settings for high and low cases by changing the two end members of the 
rock properties, the interfingering length, the geometry of EOD belts, the permeability anisotropy, the character of EOD bound-
aries and the petrophysical properties of the sequence boundaries. Then, an experimental design approach was applied to effi-
ciently investigate the degree of the impact of each heterogeneity based on water breakthough timing and oil production. A 26-3 
fractional factorial experimental design was implemented which allows the main effects of each heterogeneity to be estimated 
independently of other heterogeneities, assuming that higher order interactions between heterogeneities are insignificant. 
 
Conclusion reached:  
The modelled heterogeneities in combination exert a greater influence on production behavior than fluid properties, well place-
ment and the approach to modelling relative permeability and capillary pressure data.  Rock properties and stratigraphic hetero-
geneities that control reservoir architecture and the spatial distribution of environment-of-deposition (EOD) belts are the most 
important controls on recovery regardless of the production strategy. The presence of cemented hardground surfaces is the key 
control on oil recovery in displacements dominated by vertical flow. Permeability anisotropy is of surprisingly low importance 
for all production strategies. The impacts of the stratigraphic heterogeneities on recovery factor and water breakthrough are more 
strongly influenced by end-point mobility ratio and well spacing in displacements when vertical flow is promoted. 
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AAPG (in review) 
Title: A hierarchical approach to classifying stratigraphic and sedimentological heterogeneities in carbonate ramp reservoirs 
with application to integrated flow simulation studies 
 
Authors: Fitch, P.J.R, Jackson, M.D., Hampson, G.J., and John, C.M. 
 
Contribution to my project: 
 Increase of the understanding of the stratigraphic and sedimentological heterogeneities found in carbonate ramp reser-
voirs.  
 Definition of end member values for each heterogeneity 
 First application of hierarchy to quantify their impact on flow by modifying end-poit mobility ratio, well placing and 
placement, and the modelling method of relative permeability and capillary pressure. 
 
Objective of the paper: 
 To present a length-scale-based hierarchy of heterogeneity for carbonate reservoirs, which orders stratigraphic and 
sedimentological heterogeneity into a coherent framework and integrates the description of heterogeneity from outcrop 
and reservoir data types.  
 To apply the hierarchy towards understanding the impact of stratigraphic heterogeneities on flow in carbonates reser-
voirs.  
   
Methodology used:  
3D models were constructed based on outcrop descriptions at progressively increasing levels of geologic detail, and an analysis 
of the impact of heterogeneity on flow is undertaken at each stage. As the model predictions change with increasing levels of 
detail, a picture naturally emerges of the level of interpretational detail required to represent the primary fluid flow characteris-
tics, and of which heterogeneities impact on flow. The results investigated heterogeneities at the largest length-scales of the 
hierarchy that are relevant to hydrocarbon production, providing a framework for the investigation of smaller-scale heterogene-
ities. 
 
Conclusion reached:  
A length-scale based, hierarchical approach to classify stratigraphic and sedimentological heterogeneities in carbonate ramp 
reservoirs has been identified. Levels 1 to 3 of the hierarchy identify and capture the architecture and spatial distribution of 
stratigraphic heterogeneities (i.e. EOD-belts), at decreasing length-scales. Level 4 documents the distribution of depositional 
facies and geobodies within stratigraphic units. Level 5 describes bed geometries and diagenetic features. Heterogeneity at cen-
timeter-to-micrometer scale (e.g. sedimentary structures, grain shapes, pore networks) are recorded at levels 6 and 7 of the 
hierarchy. The hierarchy has been applied to define end-member values for a selection of stratigraphic heterogeneities (levels 1-
3 of the hierarchy) and quantify their impact on flow behavior and oil recovery. EOD belt rock properties are consistently found 
to have the most significant impact on flow. EOD belt geometry and EOD belt interfingering length control the lateral continuity, 
volumes and spatial distribution of EOD belts and are shown to be the second and third ranked heterogeneities. Heterogeneities 
impacting vertical flow are of low ranked importance, but this is because vertical flow in the production scenarios we investigate 
is limited, regardless of heterogeneity. Finally, changing the end-point mobility ratio, well spacing and placement, and the ap-
proach to modeling relative permeability and capillary pressure, does not influence the rank order of the stratigraphic heteroge-
neities investigated.  
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Appendix B - Sensitivity of karst to lower matrix permeability 
 
 In order to sensitise the impact of karst on recovery factor in a matrx with lower properties and lower permeability 
contrast between the EOD belts, the permeability of the Mid Ramp was reduced to 10 and 1% both for a grain dominated model 
(fig. B1-A) and a mud dominated model (fig. B1-B) and then was simulated using a development strategy that promotes vertical 
flow (linedrive). Both of these showed a predominantly higher recovery when implementing the different thicknesses of karsts 
(increase up to 25.37% for mid ramp at 420 mD and up to 26.75 at 42 mD). Again, the threshold of 0.5-5 m of enhanced 
permeability is the most important as it is evident that the increase on recovery stabilises between 5 and 7m of karst thickness. 
 
 
 
 
 
 
Fig. B-2—Depositional dip sections of model G showing oil saturation after 1, 10 and 20 years for the linedrive dominated by vertical 
flow for model A with mid ramp permeability at 420 mD  
Fig. B-1 — Bar charts showing the impact of decreasing the permeability of the mid ramp to 10 and 1% on recovery factor with a Linedrive 
perforated at the top and bottom of the reservoir for producer and injector respectively for the mud dominated model H 
 
XII                                                   Impact of Stratigraphic Heterogeneity on Hydrocarbon Recovery in Carbonate Reservoirs: Effect of Karst 
 
 
 
Fig. B-3 —Depositional dip sections of model G showing oil saturation after 1, 10 and 20 years for the linedrive dominated by vertical 
flow for model A with mid ramp permeability at 42 mD  
 
 
 
 
 
Fig. B-4 — Depositional dip sections of model G showing oil saturation after 1, 10 and 20 years for the linedrive dominated by vertical 
flow for model H with mid ramp permeability at 84 mD displaying faster waterfront  evolution when implementing a 7m karst zone with 
30% increased permeability 
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Fig. B-5 — Depositional dip sections of model G showing oil saturation after 1, 10 and 20 years for the linedrive dominated by vertical 
flow for model H with mid ramp permeability at 8.4 mD displaying faster waterfront  evolution when implementing a 7m karst zone with 
30% increased permeability 
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Appendix C - Rock and fluid properties  
 
 
Fig. C-1 — Water-oil primary drainage relative permeability (A), and capillary pressure (B) Single set of imbibition curves  relative 
permeability (C)  and capillary pressure (D) 
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Appendix D - Karst modelling  
 
Fig. D-1 —- Shows the different modelling methods of karstified zones within the reservoir which included (i) 10 cm, 3m, 5m and 7m 
zones, Gaussian distributed and channel shaped 5m zones for the grain dominated model C. 
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Fig. D-2 —Shows the different modelling methods of karstified zones within the reservoir which included (i) 10 cm, 3m, 5m and 7m 
zones, Gaussian distributed and channel shaped 5m zones for the grain dominated model G. 
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Fig. D-3 —Shows the different modelling methods of karstified zones within the reservoir which included (i) 10 cm, 3m, 5m and 7m 
zones, Gaussian distributed and channel shaped 5m zones for the grain dominated model H. 
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Appendix E - Simulation results for C, G, H 
 
 
Fig. E-2 — Plots showing the impact of increasing the thickness of karsts from the original model to a 10 cm, 3m, 5m and 7m high 
permeability horizon for the three development strategies for model C. 
 
Fig. E-3 — Bar chart showing the comparison of the impact of the horizontal and vertical dominated strategies on recovery factor for 
different karst thicknesses and different modelling methods on model C. 
Fig. E-1 — Shows the impact of karstic surfaces 
with permeability increase at 30% and different 
development strategies (A-horizontal 5-spot, B- 
horizontal linedrive and C-vertical linedrive), on 
Model’s C hydrocarbon recovery and water cut. 
The impact of the karstic surfaces is more visible 
in the first 10 years of production, especially for 
the linedrive promoting vertical. 
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Fig. E-5 — Plots showing the impact of increasing the thickness of karsts from the original model to a 10 cm, 3m, 5m and 7m high 
permeability horizon for the three development strategies for model G. 
 
Fig. E-6 — Bar chart showing the comparison of the impact of the horizontal and vertical dominated strategies on recovery factor for 
different karst thicknesses and different modelling methods on model G. 
Fig. E-4 — Shows the impact of karstic surfaces with 
permeability increase at 30% and different development 
strategies (A-horizontal 5-spot, B- horizontal linedrive 
and C-vertical linedrive), on Model’s G hydrocarbon re-
covery and water cut.  
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Fig. E-8 — Plots showing the impact of increasing the thickness of karsts from the original model to a 10 cm, 3m, 5m and 7m high 
permeability horizon for the three development strategies for model H. 
 
 
Fig. E-9 — Bar chart showing the comparison of the impact of the horizontal and vertical dominated strategies on recovery factor for 
different karst thicknesses and different modelling methods on model H. 
 
Fig. E-7 — Shows the impact of karstic surfaces 
with permeability increase at 30% and different de-
velopment strategies (A-horizontal 5-spot, B- hori-
zontal linedrive and C-vertical linedrive), on Model’s 
H hydrocarbon recovery and water cut. 
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Fig. E-10 — Plots showing how the water breakthough is affected by the permeability contrast between the karst and the reservoir for 
model H. 
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Appendix F - Experimental Design  
 
 
 
 
 
 
Fig. F-1 — Tornado plots showing the sensitivity of RF and Water breakthrough time to the 6 stratigraphic and sedimentological heter-
ogeneities over increasing thickness of karstic horizons for the Linedrive promoting horizontal flow; the first two plots display the 
percentile change in recovery factor and water breakthrough timing from setting (A) to (B) for increasing permeability at 10 % and the 
second two plots for 20%. 
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Fig. F-2 — Tornado plots showing the sensitivity of RF and Water breakthrough time to the 6 stratigraphic and sedimentological heter-
ogeneities over increasing thickness of karstic horizons for the 5-spot promoting horizontal flow; the first two plots display the per-
centile change in recovery factor and water breakthrough timing from setting (A) to (B) for increasing permeability at 10 % and the 
second two plots for 20%. 
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Fig. F-3 —Tornado plots showing the ranking of the different heterogeneities when vertical flow is dominating; the first two plots display 
the percentile change in recovery factor and water breakthrough timing from setting (A) to (B) for increasing permeability at 10 % and 
the second two plots for 20%. 
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Linedrive promoting vertical flow 
Original Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
 E 94.63 403.14 14.24 718.65 0.56 
 B 2039.16 709.52 3.64 1102.03 0.64 
 F 0.00 203.23 22.00 651.95 0.31 
 D 1057.33 565.07 4.73 912.84 0.62 
 A 1084.65 895.00 7.54 1408.69 0.64 
 G 159.01 295.87 9.56 502.75 0.59 
 C 188.47 648.10 13.64 1143.67 0.57 
 H 6.92 271.90 16.34 515.36 0.53 
       
Permeability +10% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
10 cm layer E 94.63 403.14 14.24 718.65 0.56 
 B 2039.16 709.52 3.64 1102.03 0.64 
 F 0.00 203.23 22.00 651.95 0.31 
 D 1057.33 565.07 4.73 912.84 0.62 
 A 1084.59 894.99 7.54 1408.69 0.64 
 G 159.03 295.88 9.56 502.75 0.59 
 C 188.62 648.13 13.64 1143.67 0.57 
 H 6.94 271.91 16.34 515.36 0.53 
       
Permeability +20% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
10 cm layer E 94.63 403.14 14.24 718.65 0.56 
 B 2039.16 709.52 3.64 1102.03 0.64 
 F 0.00 203.23 22.00 651.95 0.31 
 D 1057.33 565.07 4.73 912.84 0.62 
 A 1084.72 895.00 7.54 1408.69 0.64 
 G 159.06 295.88 9.56 502.75 0.59 
 C 188.77 648.15 13.64 1143.67 0.57 
 H 6.96 271.91 16.33 515.36 0.53 
       
Permeability +30% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
10 cm layer E 94.63 403.14 14.24 718.65 0.56 
 B 2039.16 709.52 3.64 1102.03 0.64 
 F 0.00 203.23 22.00 651.95 0.31 
 D 1057.33 565.07 4.73 912.84 0.62 
 A 1084.89 895.01 7.54 1408.69 0.64 
 G 159.09 295.88 9.55 502.75 0.59 
 C 188.91 648.17 13.63 1143.67 0.57 
 H 6.97 271.91 16.33 515.36 0.53 
       
Permeability +10% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
3m zone E 94.63 403.14 14.24 718.65 0.56 
 B 2039.16 709.52 3.64 1102.03 0.64 
 F 0.00 203.23 22.00 651.95 0.31 
 D 1057.33 565.07 4.73 912.84 0.62 
 A 1165.48 899.62 7.27 1408.69 0.64 
 G 169.43 296.47 9.18 502.75 0.59 
 C 219.18 653.79 13.16 1143.67 0.57 
 H 12.02 272.83 15.58 515.36 0.53 
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Permeability +20% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
3m zone E 94.63 403.14 14.24 718.65 0.56 
 B 2039.16 709.52 3.64 1102.03 0.64 
 F 0.00 203.23 22.00 651.95 0.31 
 D 1057.33 565.07 4.73 912.84 0.62 
 A 1243.80 903.65 7.04 1408.69 0.64 
 G 179.09 296.99 8.84 502.75 0.59 
 C 248.84 658.73 12.70 1143.67 0.58 
 H 16.84 273.57 14.93 515.36 0.53 
       
Permeability +30% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
3m zone E 94.63 403.14 14.24 718.65 0.56 
 B 2039.16 709.52 3.64 1102.03 0.64 
 F 0.00 203.23 22.00 651.95 0.31 
 D 1057.33 565.07 4.73 912.84 0.62 
 A 1319.32 907.19 6.83 1408.69 0.64 
 G 188.09 297.47 8.55 502.75 0.59 
 C 277.69 662.99 12.26 1143.67 0.58 
 H 21.35 274.19 14.35 515.36 0.53 
       
Permeability +10% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
5m zone  E 94.63 403.14 14.24 718.65 0.56 
 B 2039.16 709.52 3.64 1102.03 0.64 
 F 0.00 203.23 22.00 651.95 0.31 
 D 1057.33 565.07 4.73 912.84 0.62 
 A 1170.82 899.99 7.27 1408.69 0.64 
 G 171.22 296.58 9.10 502.75 0.59 
 C 220.88 653.73 13.15 1143.67 0.57 
 H 13.27 273.34 15.55 515.36 0.53 
       
Permeability +20% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
5m zone  E 94.63 403.14 14.24 718.65 0.56 
 B 2039.16 709.52 3.64 1102.03 0.64 
 F 0.00 203.23 22.00 651.95 0.31 
 D 1057.33 565.07 4.73 912.84 0.62 
 A 1254.48 904.31 7.04 1408.69 0.64 
 G 182.54 297.21 8.70 502.75 0.59 
 C 252.14 658.72 12.68 1143.67 0.58 
 H 19.47 274.45 14.87 515.36 0.53 
       
Permeability +30% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
5m zone  E 94.63 403.14 14.24 718.65 0.56 
 B 2039.16 709.52 3.64 1102.03 0.64 
 F 0.00 203.23 22.00 651.95 0.31 
 D 1057.33 565.07 4.73 912.84 0.62 
 A 1335.21 908.08 6.82 1408.69 0.64 
 G 193.12 297.79 8.35 502.75 0.59 
 C 282.48 663.09 12.24 1143.67 0.58 
 H 25.42 275.38 14.26 515.36 0.53 
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Permeability +10% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
7m zone  E 94.63 403.14 14.24 718.65 0.56 
 B 2039.16 709.52 3.64 1102.03 0.64 
 F 0.00 203.23 22.00 651.95 0.31 
 D 1057.33 565.07 4.73 912.84 0.62 
 A 1174.43 900.04 7.25 1408.69 0.64 
 G 173.43 296.89 9.09 502.75 0.59 
 C 221.99 653.64 13.12 1143.67 0.57 
 H 13.37 273.26 15.54 515.36 0.53 
       
Permeability +20% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
7m zone  E 94.63 403.14 14.24 718.65 0.56 
 B 2039.16 709.52 3.64 1102.03 0.64 
 F 0.00 203.23 22.00 651.95 0.31 
 D 1057.33 565.07 4.73 912.84 0.62 
 A 1261.64 904.43 7.00 1408.69 0.64 
 G 187.01 297.80 8.68 502.75 0.59 
 C 254.29 658.56 12.64 1143.67 0.58 
 H 19.63 274.34 14.84 515.36 0.53 
       
Permeability +30% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
7m zone  E 94.63 403.14 14.24 718.65 0.56 
 B 2039.16 709.52 3.64 1102.03 0.64 
 F 0.00 203.23 22.00 651.95 0.31 
 D 1057.33 565.07 4.73 912.84 0.62 
 A 1345.80 908.28 6.76 1408.69 0.64 
 G 199.87 298.63 8.33 502.75 0.59 
 C 285.59 662.91 12.19 1143.67 0.58 
 H 25.62 275.25 14.24 515.36 0.53 
       
Permeability +10% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
Gaussian 5m zone E 94.63 403.14 14.24 718.65 0.56 
 B 2039.16 709.52 3.64 1102.03 0.64 
 F 0.00 203.23 22.00 651.95 0.31 
 D 1057.33 565.07 4.73 912.84 0.62 
 A 1145.76 900.00 7.48 1408.69 0.64 
 G 171.85 296.86 9.15 502.75 0.59 
 C 233.98 654.89 13.07 1143.67 0.57 
 H 16.59 274.16 15.25 515.36 0.53 
       
Permeability +20% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
Gaussian 5m zone E 94.63 403.14 14.24 718.65 0.56 
 B 2039.16 709.52 3.64 1102.03 0.64 
 F 0.00 203.23 22.00 651.95 0.31 
 D 1057.33 565.07 4.73 912.84 0.62 
 A 1417.61 909.29 6.53 1408.69 0.65 
 G 188.59 297.79 8.55 502.75 0.59 
 C 338.10 667.26 11.55 1143.67 0.58 
 H 23.68 275.33 14.61 515.36 0.53 
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Permeability +30% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
Gaussian 5m zone E 94.63 403.14 14.24 718.65 0.56 
 B 2039.16 709.52 3.64 1102.03 0.64 
 F 0.00 203.23 22.00 651.95 0.31 
 D 1057.33 565.07 4.73 912.84 0.62 
 A 1588.05 917.75 6.33 1408.69 0.65 
 G 199.73 298.47 8.23 502.75 0.59 
 C 338.10 667.26 11.55 1143.67 0.58 
 H 30.35 276.38 14.00 515.36 0.54 
 
Linedrive promoting horizontal flow 
Original Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
 E 2574.03 441.00 2.21 718.65 0.61 
 B 7013.86 664.83 1.00 1102.03 0.60 
 F 1388.71 345.14 2.27 651.95 0.53 
 D 3899.15 502.40 1.30 912.84 0.55 
 A 16095.15 982.35 0.98 1408.69 0.70 
 G 1307.15 243.42 1.73 502.75 0.48 
 C 9365.58 711.59 0.87 1143.67 0.62 
 H 860.78 135.46 1.56 515.36 0.26 
       
Permeability +10% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
10 cm layer E 2574.03 441.00 2.21 718.65 0.61 
 B 7013.86 664.83 1.00 1102.03 0.60 
 F 1388.71 345.14 2.27 651.95 0.53 
 D 3899.15 502.40 1.30 912.84 0.55 
 A 16092.80 982.34 0.98 1408.69 0.70 
 G 1307.24 243.42 1.73 502.75 0.48 
 C 9365.60 711.59 0.87 1143.67 0.62 
 H 860.86 135.46 1.56 515.36 0.26 
       
Permeability +20% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
10 cm layer E 2574.03 441.00 2.21 718.65 0.61 
 B 7013.86 664.83 1.00 1102.03 0.60 
 F 1388.71 345.14 2.27 651.95 0.53 
 D 3899.15 502.40 1.30 912.84 0.55 
 A 16092.58 982.33 0.98 1408.69 0.70 
 G 1307.34 243.42 1.73 502.75 0.48 
 C 9365.77 711.59 0.87 1143.67 0.62 
 H 860.95 135.46 1.56 515.36 0.26 
       
Permeability +30% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
10 cm layer E 2574.03 441.00 2.21 718.65 0.61 
 B 7013.86 664.83 1.00 1102.03 0.60 
 F 1388.71 345.14 2.27 651.95 0.53 
 D 3899.15 502.40 1.30 912.84 0.55 
 A 16092.67 982.33 0.98 1408.69 0.70 
 G 1307.41 243.42 1.73 502.75 0.48 
 C 9365.74 711.60 0.87 1143.67 0.62 
 H 861.04 135.46 1.56 515.36 0.26 
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Permeability +10% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
3m zone E 2574.03 441.00 2.21 718.65 0.61 
 B 7013.86 664.83 1.00 1102.03 0.60 
 F 1388.71 345.14 2.27 651.95 0.53 
 D 3899.15 502.40 1.30 912.84 0.55 
 A 16694.91 985.75 0.95 1408.69 0.70 
 G 1334.72 243.98 1.70 502.75 0.49 
 C 9852.21 717.69 0.83 1143.67 0.63 
 H 910.85 135.20 1.52 515.36 0.26 
       
Permeability +20% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
3m zone E 2574.03 441.00 2.21 718.65 0.61 
 B 7013.86 664.83 1.00 1102.03 0.60 
 F 1388.71 345.14 2.27 651.95 0.53 
 D 3899.15 502.40 1.30 912.84 0.55 
 A 17284.49 989.42 0.92 1408.69 0.70 
 G 1363.27 245.12 1.67 502.75 0.49 
 C 10335.20 722.94 0.79 1143.67 0.63 
 H 959.77 135.62 1.47 515.36 0.26 
       
Permeability +30% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
3m zone E 2574.03 441.00 2.21 718.65 0.61 
 B 7013.86 664.83 1.00 1102.03 0.60 
 F 1388.71 345.14 2.27 651.95 0.53 
 D 3899.15 502.40 1.30 912.84 0.55 
 A 17869.48 993.13 0.90 1408.69 0.71 
 G 1392.52 246.51 1.65 502.75 0.49 
 C 10820.15 727.72 0.75 1143.67 0.64 
 H 1007.56 136.53 1.38 515.36 0.26 
       
Permeability +10% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
5m zone  E 2574.03 441.00 2.21 718.65 0.61 
 B 7013.86 664.83 1.00 1102.03 0.60 
 F 1388.71 345.14 2.27 651.95 0.53 
 D 3899.15 502.40 1.30 912.84 0.55 
 A 17057.15 987.29 0.93 1408.69 0.70 
 G 1382.16 242.54 1.68 502.75 0.48 
 C 10070.03 717.09 0.80 1143.67 0.63 
 H 927.50 135.70 1.46 515.36 0.26 
       
Permeability +20% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
5m zone  E 2574.03 441.00 2.21 718.65 0.61 
 B 7013.86 664.83 1.00 1102.03 0.60 
 F 1388.71 345.14 2.27 651.95 0.53 
 D 3899.15 502.40 1.30 912.84 0.55 
 A 18010.02 992.04 0.89 1408.69 0.70 
 G 1451.44 242.61 1.65 502.75 0.48 
 C 10758.69 721.26 0.74 1143.67 0.63 
 H 993.23 136.62 1.37 515.36 0.27 
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Permeability +30% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
5m zone  E 2574.03 441.00 2.21 718.65 0.61 
 B 7013.86 664.83 1.00 1102.03 0.60 
 F 1388.71 345.14 2.27 651.95 0.53 
 D 3899.15 502.40 1.30 912.84 0.55 
 A 18955.48 996.52 0.85 1408.69 0.71 
 G 1516.58 243.59 1.62 502.75 0.48 
 C 11471.74 725.70 0.70 1143.67 0.63 
 H 1057.97 137.99 1.28 515.36 0.27 
       
Permeability +10% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
7m zone  E 2574.03 441.00 2.21 718.65 0.61 
 B 7013.86 664.83 1.00 1102.03 0.60 
 F 1388.71 345.14 2.27 651.95 0.53 
 D 3899.15 502.40 1.30 912.84 0.55 
 A 17304.30 987.10 0.92 1408.69 0.70 
 G 1406.24 243.14 1.68 502.75 0.48 
 C 10219.04 717.96 0.79 1143.67 0.63 
 H 945.05 135.53 1.46 515.36 0.26 
       
Permeability +20% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
7m zone  E 2574.03 441.00 2.21 718.65 0.61 
 B 7013.86 664.83 1.00 1102.03 0.60 
 F 1388.71 345.14 2.27 651.95 0.53 
 D 3899.15 502.40 1.30 912.84 0.55 
 A 17304.30 987.10 0.86 1408.69 0.70 
 G 1500.91 243.55 1.60 502.75 0.48 
 C 11037.61 721.79 0.73 1143.67 0.63 
 H 1027.37 136.05 1.35 515.36 0.26 
       
Permeability +30% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
7m zone  E 2574.03 441.00 2.21 718.65 0.61 
 B 7013.86 664.83 1.00 1102.03 0.60 
 F 1388.71 345.14 2.27 651.95 0.53 
 D 3899.15 502.40 1.30 912.84 0.55 
 A 19708.76 995.83 0.82 1408.69 0.71 
 G 1590.98 244.81 1.49 502.75 0.49 
 C 11871.01 725.36 0.67 1143.67 0.63 
 H 1107.36 136.99 1.26 515.36 0.27 
       
Permeability +10% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
Gaussian 5m zone E 2574.03 441.00 2.21 718.65 0.61 
 B 7013.86 664.83 1.00 1102.03 0.60 
 F 1388.71 345.14 2.27 651.95 0.53 
 D 3899.15 502.40 1.30 912.84 0.55 
 A 11332.64 962.31 0.93 1408.69 0.68 
 G 1372.37 244.66 1.70 502.75 0.49 
 C 10351.02 719.69 0.79 1143.67 0.63 
 H 955.13 137.27 1.39 515.36 0.27 
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Permeability +20% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
Gaussian 5m zone E 2574.03 441.00 2.21 718.65 0.61 
 B 7013.86 664.83 1.00 1102.03 0.60 
 F 1388.71 345.14 2.27 651.95 0.53 
 D 3899.15 502.40 1.30 912.84 0.55 
 A 11830.66 965.05 0.89 1408.69 0.69 
 G 1462.56 244.39 1.64 502.75 0.49 
 C 11002.48 729.68 0.73 1143.67 0.64 
 H 939.39 141.77 1.37 515.36 0.28 
       
Permeability +30% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
Gaussian 5m zone E 2574.03 441.00 2.21 718.65 0.61 
 B 7013.86 664.83 1.00 1102.03 0.60 
 F 1388.71 345.14 2.27 651.95 0.53 
 D 3899.15 502.40 1.30 912.84 0.55 
 A 12118.62 968.84 0.85 1408.69 0.69 
 G 1543.60 245.54 1.62 502.75 0.49 
 C 11905.79 721.25 0.67 1143.67 0.63 
 H 1068.11 141.05 1.28 515.36 0.27 
 
 
5-spot pattern promoting horizontal flow 
Original Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
 E 5139.1 435.09 0.68 718.65 0.61 
 B 13838.71 681.97 0.37 1102.03 0.62 
 F 2941.97 325.03 0.71 651.95 0.5 
 D 7978.28 514.75 0.47 912.84 0.56 
 A 30726.3 1003.3 0.31 1408.69 0.71 
 G 2731.82 251.71 0.67 502.75 0.5 
 C 18464.58 656.91 0.3 1143.67 0.57 
 H 1515.54 141.92 0.63 515.36 0.28 
       
Permeability +10% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
10 cm layer E 5139.1 435.09 0.68 718.65 0.61 
 B 13838.71 681.97 0.37 1102.03 0.62 
 F 2941.97 325.03 0.71 651.95 0.5 
 D 7978.28 514.75 0.47 912.84 0.56 
 A 30721.8 1003.29 0.31 1408.69 0.71 
 G 2731.91 251.71 0.67 502.75 0.5 
 C 18464.86 656.91 0.3 1143.67 0.57 
 H 1515.61 141.92 0.63 515.36 0.28 
       
Permeability +20% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
10 cm layer E 5139.1 435.09 0.68 718.65 0.61 
 B 13838.71 681.97 0.37 1102.03 0.62 
 F 2941.97 325.03 0.71 651.95 0.5 
 D 7978.28 514.75 0.47 912.84 0.56 
 A 30721.26 1003.29 0.31 1408.69 0.71 
 G 2732 251.72 0.67 502.75 0.5 
 C 18464.73 656.91 0.29 1143.67 0.57 
 H 1515.67 141.92 0.63 515.36 0.28 
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Permeability +30% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
10 cm layer E 817.05 435.09 0.68 718.65 0.61 
 B 2200.18 681.97 0.37 1102.03 0.62 
 F 467.74 325.03 0.71 651.95 0.50 
 D 1268.45 514.75 0.47 912.84 0.56 
 A 30721.67 1003.29 0.31 1408.69 0.71 
 G 2732.09 251.72 0.67 502.75 0.50 
 C 18465.01 656.91 0.29 1143.67 0.57 
 H 1515.74 141.92 0.63 515.36 0.28 
       
Permeability +10% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
3m zone E 5139.10 435.09 0.68 718.65 0.61 
 B 13838.71 681.97 0.37 1102.03 0.62 
 F 2941.97 325.03 0.71 651.95 0.50 
 D 7978.28 514.75 0.47 912.84 0.56 
 A 31256.57 1003.24 0.30 1408.69 0.71 
 G 2770.86 251.99 0.66 502.75 0.50 
 C 18957.41 657.16 0.29 1143.67 0.57 
 H 1545.94 142.14 0.63 515.36 0.28 
       
Permeability +20% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
3m zone E 5139.10 435.09 0.68 718.65 0.61 
 B 13838.71 681.97 0.37 1102.03 0.62 
 F 2941.97 325.03 0.71 651.95 0.50 
 D 7978.28 514.75 0.47 912.84 0.56 
 A 31779.82 1003.53 0.30 1408.69 0.71 
 G 2807.99 252.31 0.66 502.75 0.50 
 C 19419.70 658.10 0.29 1143.67 0.58 
 H 1575.04 119.58 0.62 515.36 0.23 
       
Permeability +30% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
3m zone E 5139.10 435.09 0.68 718.65 0.61 
 B 13838.71 681.97 0.37 1102.03 0.62 
 F 2941.97 325.03 0.71 651.95 0.50 
 D 7978.28 514.75 0.47 912.84 0.56 
 A 32286.42 1004.35 0.30 1408.69 0.71 
 G 2843.53 252.66 0.66 502.75 0.50 
 C 1143.67 659.63 0.28 1143.67 0.58 
 H 1603.00 142.70 0.61 515.36 0.28 
       
Permeability +10% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
5m zone  E 5139.10 435.09 0.68 718.65 0.61 
 B 13838.71 681.97 0.37 1102.03 0.62 
 F 2941.97 325.03 0.71 651.95 0.50 
 D 7978.28 514.75 0.47 912.84 0.56 
 A 31591.60 1004.02 0.30 1408.69 0.71 
 G 2804.43 252.09 0.66 502.75 0.50 
 C 19181.14 657.98 0.29 1143.67 0.58 
 H 1564.91 142.26 0.62 515.36 0.28 
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Permeability +20% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
5m zone  E 5139.10 435.09 0.68 718.65 0.61 
 B 13838.71 681.97 0.37 1102.03 0.62 
 F 2941.97 325.03 0.71 651.95 0.50 
 D 7978.28 514.75 0.47 912.84 0.56 
 A 32440.59 1005.09 0.30 1408.69 0.71 
 G 2873.06 252.59 0.66 502.75 0.50 
 C 19851.75 659.77 0.28 1143.67 0.58 
 H 1611.94 142.67 0.60 515.36 0.28 
       
Permeability +30% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
5m zone  E 5139.10 435.09 0.68 718.65 0.61 
 B 13838.71 681.97 0.37 1102.03 0.62 
 F 2941.97 325.03 0.71 651.95 0.50 
 D 7978.28 514.75 0.47 912.84 0.56 
 A 33268.19 1006.55 0.29 1408.69 0.71 
 G 2938.16 253.15 0.65 502.75 0.50 
 C 20484.40 662.07 0.27 1143.67 0.58 
 H 1656.95 143.12 0.59 515.36 0.28 
       
Permeability +10% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
7m zone  E 5139.10 435.09 0.68 718.65 0.61 
 B 13838.71 681.97 0.37 1102.03 0.62 
 F 2941.97 325.03 0.71 651.95 0.50 
 D 7978.28 514.75 0.47 912.84 0.56 
 A 31847.88 1004.61 0.30 1408.69 0.71 
 G 2828.59 252.22 0.66 502.75 0.50 
 C 19319.68 658.38 0.29 1143.67 0.58 
 H 1579.52 142.30 0.62 515.36 0.28 
       
Permeability +20% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
7m zone  E 5139.10 435.09 0.68 718.65 0.61 
 B 13838.71 681.97 0.37 1102.03 0.62 
 F 2941.97 325.03 0.71 651.95 0.50 
 D 7978.28 514.75 0.47 912.84 0.56 
 A 32940.78 1006.06 0.29 1408.69 0.71 
 G 2919.94 252.88 0.65 502.75 0.50 
 C 20128.54 660.20 0.28 1143.67 0.58 
 H 1640.59 142.72 0.60 515.36 0.28 
       
Permeability +30% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
7m zone  E 5139.10 435.09 0.68 718.65 0.61 
 B 13838.71 681.97 0.37 1102.03 0.62 
 F 2941.97 325.03 0.71 651.95 0.50 
 D 7978.28 514.75 0.47 912.84 0.56 
 A 34000.48 1007.66 0.29 1408.69 0.72 
 G 3006.64 253.62 0.64 502.75 0.50 
 C 20896.22 662.23 0.27 1143.67 0.58 
 H 1699.08 143.15 0.58 515.36 0.28 
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Permeability +10% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
Gaussian 5m zone E 5139.10 435.09 0.68 718.65 0.61 
 B 13838.71 681.97 0.37 1102.03 0.62 
 F 2941.97 325.03 0.71 651.95 0.50 
 D 7978.28 514.75 0.47 912.84 0.56 
 A 32459.08 1005.30 0.29 1408.69 0.71 
 G 2871.17 252.61 0.65 502.75 0.50 
 C 20339.94 656.31 0.27 1143.67 0.57 
 H 1649.30 143.12 0.56 515.36 0.28 
       
Permeability +20% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
Gaussian 5m zone E 5139.10 435.09 0.68 718.65 0.61 
 B 13838.71 681.97 0.37 1102.03 0.62 
 F 2941.97 325.03 0.71 651.95 0.50 
 D 7978.28 514.75 0.47 912.84 0.56 
 A 33194.97 1007.83 0.72 1408.69 0.72 
 G 3034.45 254.15 0.64 502.75 0.51 
 C 21581.07 663.12 0.26 1143.67 0.58 
 H 1677.01 144.02 0.55 515.36 0.28 
       
Permeability +30% Model FWPT (Mbbl) FOPT (Mbbl) BKT - yr FOIP (Mbbl) RF, % 
Gaussian 5m zone E 5139.10 435.09 0.68 718.65 0.61 
 B 13838.71 681.97 0.37 1102.03 0.62 
 F 2941.97 325.03 0.71 651.95 0.50 
 D 7978.28 514.75 0.47 912.84 0.56 
 A 36023.19 1007.62 0.26 1408.69 0.72 
 G 3192.10 254.69 0.61 502.75 0.51 
 C 22906.41 665.59 0.24 1143.67 0.58 
 H 1823.70 146.02 0.50 515.36 0.28 
 
